The usage of λ and κ light chain variable region genes in peripheral fetal lamb B cells was assessed at intervals from 61 to 146 days of gestation (term ⍧ 150 days). Transcripts of 12 distinct V λ genes were identified, eight of which belonged to the previously described families I or II, while four segments defined a new V λ family, provisionally called family VI. A total of six different V κ gene segments were identified and grouped into four families, while two J κ gene segments were expressed. Southern blot analysis indicated that the sheep Igκ locus probably contains~10 V κ genes and suggests that the V gene cluster has been duplicated. Throughout fetal ontogeny, V κ transcripts contained more diverse CDR3 sequences than did V λ transcripts, where the V-J junctions were nearly always invariant and canonical. There was also a shift in usage of V κ genes and in the pattern of V κ -J κ gene recombination during fetal ontogeny.
Introduction
The surface Ig repertoire expressed by peripheral B cells at different stages in development represents a small fraction of the repertoire that could theoretically be formed by random rearrangement of germline variable (V) and joining (J) gene segments at the light chain loci, and of V, diversity (D) and J gene segments at the heavy chain locus (1) . In some strains of laboratory mice, V H gene segments become accessible to the recombinase machinery in a regulated way and, in general, a gradient operates in a 3Ј to 5Ј direction so that gene segments at the 3Ј end of the V gene cluster are relatively over-represented in early fetal repertoires (reviewed in 2). This rule does not seem to apply to early mouse V κ gene rearrangements, which utilize variable gene segments dispersed throughout the locus (3) . Chromosomal organization also appears to influence the early ontogeny of human Ig repertoires, although physical proximity to the J H locus is not the sole factor determining fetal V H gene usage, and some B cells expressing certain individual genes, or particular combinations of V L and V H chains, may either be preferentially selected or are better able to survive in the fetal environment (4, 5) .
During gestation, human and rodent fetuses are exposed to high concentrations of serum antibodies, particularly IgG, nearly all of which are derived from the maternal circulation Correspondence to: W.R. Hein Transmitting editor: J. F. Kearney Received 2 February 1998, accepted 8 May 1998 by active transport across the placenta. By the time of birth, the concentration of antibody in human fetal serum usually exceeds that in maternal serum (6) . In contrast, the ovine placenta is impermeable to large proteins including Ig and fetal lambs do not normally begin to absorb or synthesize antibodies until after birth so that they remain agammaglobulinemic during gestation (7) . This means that throughout the 150 day period of fetal development, two factors that could play significant roles in selecting the repertoire, i.e. foreign antigens and the maternal idiotype, are absent. In this special situation, the differentiation of the antibody repertoire is regulated by the interaction of two sets of intrinsic factors-a genetic program of development and the expressed self-antigens that characterize the fetal environment. Such interplays presumably determine whether or not B cells first gain selective access to defined tissue microenvironments and then control their further development. Mature IgM ϩ B cells occur in the blood of fetal lambs from around day 45 of gestation, they are found in the spleen from day 48 and in small primary follicles of lymph nodes as these structures develop from around day 80 onwards (8, 9) . However, the time and place where Ig gene rearrangement is initiated, and the organ that supports the maturation of the first cohort of B cells, have not been identified, although the fetal liver, omentum and early bone marrow are possible sites. B cells colonize gut-associated follicles in the colon at day 60, in the jejunal Peyer's patches at about day 75-80 and in the ileal Peyer's patch (IPP) at day 110-115 (reviewed in 10). B cells divide actively in the spleen and gut-associated follicles of fetal lambs from the time that these organs are colonized (11, 12) and emigrants from these tissues potentially contribute to the circulating B cell pool. However, throughout gestation, fetal lambs have a relatively small percentage of B lymphocytes circulating in blood and lymph (3-5%) compared to adults (20-30%) (8) .
From a time shortly before birth and for the first few months of post-natal life the IPP is the major site of B cell development in sheep (13) . Within this organ, Ig genes are diversified by an intense program of antigen-independent somatic hypermutation (14, 15) , and the transport of emigrant B cells throughout the body in blood and lymph (16, 17) would allow for the rapid dissemination of a highly diversified peripheral repertoire. Currently, no information is available about the diversity of surface Ig expressed by sheep B cells before the IPP becomes mutationally active. As a first step towards characterizing these earlier stages in repertoire development, we report here the usage of V λ and V κ gene segments in the periphery of fetal lambs.
Methods

Animals and cells
Healthy white alpine sheep at known stages of pregnancy (Ϯ1 day, gestation length ϭ 150 days) were obtained from Versuchsbetrieb Sennweid (Olsberg, Switzerland) and fetuses were removed by caesarian section. Spleens were taken from twin fetuses aged 61 days (no. 4839) and from one fetus aged 90 days (no. 4619), and then triturated with scalpel blades to produce single-cell suspensions. Cells isolated from the two 61-day-old spleens were pooled. Blood was collected from single fetuses aged 90 days (no. 4619), 117 days (no. 3840) and 146 days (no. 4621) respectively, and peripheral blood lymphocytes (PBL) were recovered after centrifugation of blood over Percoll gradients (18) . All experimental procedures involving animals had received prior approval from the Kantonal Veterinä ramt Basel Stadt.
cDNA cloning
The procedures used to isolate RNA from total splenic lymphocytes or PBL, prepare cDNA, specifically amplify V κ and V λ sequences using anchored PCR, and clone the amplified products into Bluescript plasmid followed described procedures (19) .
PCR of genomic DNA
A genomic DNA clone was generated from kidney DNA using two primers designed to anneal to the J κ 1 and J κ 2 regions (5Ј-GATTTCCACCTTGGTCCCACC and 5Ј-AGTTTTGGCCA-AGGAACCAAGCTA respectively) and the Expand long template PCR system (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's directions. The reaction was subjected to 30 rounds of amplification under the following conditions: denaturation at 94°C for 20 s, annealing at 58°C for 30 s and extension at 72°C for 2 min. The final extension was at 72°C for 10 min . Amplified products were gel purified, recovered with glass beads and cloned into the pCR2 vector (Invitrogen, San Diego, CA).
Sequence analysis
All sequencing was done using a Sequenase kit (US Biochemical, Cleveland, OH). Initially, fetal cDNA clones were sequenced completely on both DNA strands but after the general pattern of V gene expression became clear, the 200-250 terminal nucleotides were used to classify V genes. The genomic clone and any new V gene segments identified in cDNA clones were sequenced completely. Sequences were assembled and compared using GCG software and the gap program (Needleman-Wunsch algorithm).
Sheep V λ cDNA sequences were compared with previously reported germline sequences (14, 15) and classified into the families defined by Reynaud et al. (20) if they shared 80% sequence homology. cDNA clones were considered to represent known individual germline genes if the sequences differed by no more than 1 nucleotide, since this approximated the misincorporation rate of the PCR (19) . When comparing two cDNA clones, sequences were considered to represent the same gene segment if they shared Ͼ98% sequence homology, since this would allow for small allelic variations as well as independent misincorporation events in both sequences. The nucleotide defining the 3Ј terminus of V gene segments in cDNA clones was ignored for the purpose of V gene classification since variations here could reflect imprecise joining during V-J recombination. Germline sequences of sheep V κ gene segments have not been reported previously and the cDNAs obtained in this study were grouped into families based on a criterion of 80% sequence homology.
Southern hybridization
About 10 µg of sheep kidney DNA was digested with the restriction endonucleases EcoRI, HindIII and HincII, separated in 0.8% agarose gels, and blotted to nylon filters by alkaline transfer as described (21) . V gene-specific probes (~300 bp) containing the coding regions corresponding to the mature peptides of V κ 1, V κ 2.1, V κ 3 and V κ 4 respectively were prepared by PCR using appropriate cDNA clones as templates. A J κ probe (669 bp) containing the J κ 1, J κ 2, J κ 3 and intron sequences was excised from the genomic clone generated above. None of the probe sequences contained either EcoRI, HindIII or HincII cleavage sites. Probes were labeled and hybridized to nylon membranes as described (21) .
Results
Expression of V λ genes
A total of 28 cDNA clones derived from either spleen or PBL of the 61-, 117-and 146-day-old fetuses contained functionally rearranged V λ genes. Altogether, 12 different V λ genes were identified in these clones, and five and three of these were classified into the previously defined family I and family II respectively. The four remaining sequences defined a new V λ gene family, distinct from the five known sheep V λ families 
Data are shown as the number of cDNA clones containing each V gene segment. The numbers in brackets indicate the percentage contribution of each V gene to the repertoire expressed at each stage of fetal development.
a Numbers in square brackets denote germline V λ gene sequences (20) with 100% identity to the corresponding cDNA sequence.
[70-76% nucleotide identity (20) ], and this is provisionally called family VI (Table 1) . In two cases, a germline counterpart that was 100% identical to the expressed fetal cDNAs was identified from published sequences. The cDNA sequences of the remaining V λ genes had 80-98% identity with other germline sequences in their respective families.
V λ 2c was the most frequently expressed gene in all fetuses, accounting for 62, 42 and 37% of the clones sequenced from the 61-, 117-and 146-day-old fetuses respectively (Table 1) . Among these 13 clones, nine had identical V gene sequences and four differed at a single nucleotide. There was no obvious pattern to the mismatches and none of them localized to either complementarity determining region (CDR) 1 or CDR2 (not shown). Apart from the relative over representation of this V gene, no others stood out as dominating the repertoire in individual fetuses and there was no consistent pattern of overlap between fetuses. Nearly all of the sequences defining family VI were detected in a single animal, the 117-day-old fetus, although one cDNA clone from the 146-day-old fetus expressed V λ 6a ( Table 1) .
The DNA sequences of V λ genes expressed in fetuses for which no germline counterpart could be established are aligned in Fig. 1 . All of the cDNA clones contained a J λ region that was identical to the single known genomic sequence, although a few clones had a consistently divergent sequence in the first codon of this gene segment (see junctional diversity below).
Expression of V κ genes
From a total of 60 cDNA clones that contained functionally rearranged V κ genes, six different V κ genes were identified and grouped into four families. Two different J κ genes were expressed in these clones (Fig. 2) . Although the V κ 1 and V κ 2 families were distinctive in terms of the 80% sequence identity requirement, their signal peptides were nearly identical and they had significant homology (74-77%) in the coding portion of the V gene ( Table 2 ). The divergent V κ 3 and V κ 4 families each contained a single V gene.
Each of the four V κ families was more or less equally represented in the 61-and 90-day-old fetuses, whereas V κ 3 and V κ 4 dominated the repertoire in the two older fetuses. Of the two J κ genes, J κ 1 predominated during early gestation, whereas J κ 2 was used more frequently by 117 and 146 days of gestation (Table 3 ). An analysis of cDNA clones derived from spleen and peripheral blood of the 90-day-old fetus showed that at this stage in ontogeny, the V κ -J κ repertoire expressed by B cells in these two compartments was very similar (Table 3) .
Seven independent V κ 3 clones were fully sequenced and five had identical V gene sequences (not shown). Compared to the consensus sequence, one of the remaining clones had a single nucleotide mismatch in CDR2 and the other had two mismatches, one in framework region (FR) 3 and one in CDR3. Thirteen independent V κ 4 clones were sequenced through all CDR and nine of these had identical V gene sequences (not shown). Among the four remaining clones, one had a single base mismatch in FR2, two had identical single nucleotide mismatches in FR2 and a tetra-nucleotide change in CDR3, while the final clone had a unique divergence in CDR3 (see below and Fig. 3c ).
V-J junctional diversity
There was a clear difference between the level of diversity at V-J junctions in fetal λ and κ chains. The alignment of V λ -J λ cDNA and germline sequences where possible (Fig. 3a) or multiple alignment of independent cDNA clones expressing the same V λ region (Fig. 3b) showed that, in general, λ chain junctions were remarkably uniform and canonical. There were, however, two significant exceptions. A few clones showed evidence of exonuclease activity in that codons had been removed from either the V gene or J gene segment-examples of this occurred in cDNA clones generated from fetuses of all gestational ages ( Fig. 3a and b) . In addition, three clones had a consistent sequence divergence in the first two nucleotides of the J gene segment (Fig. 3b) .
The κ cDNA clones contained a greater level of junctional diversity. Since the genomic sequences of sheep V κ and J κ genes are not known, it was necessary to align multiple cDNA clones expressing V κ 3 and V κ 4, to illustrate this point (Fig.  3c) . As established earlier, these two gene segments formed a major part of the repertoire and were expressed throughout fetal ontogeny. As for the λ chains, codons sometimes appeared to have been removed from the J gene segments and this occurred in each fetus examined. Several additional features were also noticeable. First, the nucleotides at the 3Ј end of the V gene, and at the 5Ј end of the J gene, were much more variable than in λ chains. Although in many cases the divergent sequences at these sites were unique, others occurred repeatedly in more than one independent clone (Fig. 3c) . For example, five clones containing rearrangements to the J κ 2 gene had junctional codons with the sequence CCT CCT. A similar rearrangement event occurred in three cDNA clones with junctional deletions and in each case the first codon of J κ 2 had been deleted (Fig. 3c) . Secondly, two cDNA clones contained an extra in-frame codon between the consensus V κ and J κ gene segments [clone 4839SVK2 (Fig.  3c ) and clone 4619BVK7 (Fig. 2) ]. These two clones were derived from the 61-and 90-day-old fetuses respectively. Finally, one of the V κ 3 clones and three of the V κ 4 clones contained divergent sequences within the CDR3 region of the V gene segment (Fig. 3c) .
Germline V κ -J κ gene pools Since the present study represents the first analysis of the number and diversity of sheep V κ genes, we attempted to assess the complexity of the locus by using the extended PCR technique to amplify and clone parts of the V κ -J κ -C κ complex from genomic DNA using primers specific for gene segments identified as cDNA. This met with limited success, although a combination of J κ 1-J κ 2 primer sequences generated a DNA product (clone GK3) containing a 669 nucleotide insert that included the respective annealing sites together with adjacent J κ 1 or J κ 2 sequences. Consensus heptamer and nonamer sequences separated by 23 nucleotides were placed on the 5Ј side of the J κ 1 element (Fig. 4) . Another J κ region, J κ 3, was identified in this clone approximately mid- way between J κ 1 and J κ 2. The germline sequence of J κ 3 had 72 and 69% identity to J κ 1 and J κ 2 respectively, and would potentially encode for an in-frame transcript. However, the heptamer and nonamer sequences situated 5Ј of J κ 3, although separated by 23 nucleotides, did not conform closely to consensus rearrangement signal sequences (Fig. 4) . We then estimated the likely sizes of gene pools by Southern blot analysis of genomic DNA using probes specific for each of the V κ families we had identified as well as the genomic J κ probe. The V κ 1 and V κ 2.1 probes produced hybridization patterns containing multiple bands, consistent with the presence of a small number of homologous germline genes (Fig.  5) . The banding patterns produced by these two probes were quite similar, and it is possible that they hybridized to a number of common genes since V κ 1 and V κ 2 family members share 74-77% nucleotide identity. The V κ 3 and V κ 4 probes both gave simpler patterns, consisting of two bands. It was noticeable that for all restriction enzymes used, each V κ probe produced a fairly uniform pattern of two strongly hybridizing bands, even though none of the probes contained the respective internal cleavage sites. This latter condition also applied to the J κ probe, but in this case only a single hybridizing band was identified after digestion of genomic DNA with each endonuclease (Fig. 5) .
Relationship between sheep, human and mouse V κ genes In order to assess their evolutionary relatedness, the sequences of V genes from the four sheep V κ families were compared with representative genes from the seven human and 16 mouse V κ families ( Table 4 ). The sheep V κ 4 gene had 80.3% nucleotide identity with a member of human family I, suggesting these might be orthologous genes, although sheep V κ 4 also had Ͼ70% identity to several other human and mouse V κ families. By the same criterion (70% nucleotide identity), the sheep V κ 1 and V κ 2.1 genes were also related to a number of sequences, perhaps most notably to human family II and to the mouse families V κ 1 and V κ 2. The divergent sheep V κ 3 gene was not related to other V κ families (Table 4 ).
Discussion
Sheep Ig κ genes The frequency of distinctive V κ genes among the 60 cDNA clones sequenced, together with the analysis of genomic DNA by Southern hybridization, indicate that the sheep germline probably contains a minimum of 10 V κ genes, at least six of which are expressed, and that these form four families. The single V κ cDNA clone isolated so far from adult tissues (24) also contained the V κ 4 sequence although a more extensive analysis is needed to determine whether sheep express other divergent V κ gene families at later times in development. From the evidence available, sheep express only two J κ genes and the J κ 3 segment identified in the genomic clone is likely to be a pseudogene. Therefore, in conjunction with a single C κ gene (24) , the sheep Igκ locus seems much reduced as compared to humans and rodents, since these two species contain 76 and 70-140 V κ genes respectively (22, 23, 25) .
However, despite the differences between the relative sizes of the germline gene pools, some structural aspects of divergent V κ loci appear similar. A few V κ families have been conserved in these three species, although in addition each expresses unique genes, a situation that is consistent with proposals about the evolution of V κ genes from a common mammalian precursor pool (22) . In addition, the hybridization patterns produced by sheep V κ and J κ probes point to the possibility that, as in humans but unlike in mice, the sheep locus contains duplicated sets of V κ gene clusters or that several orphan V κ genes occur outside the Ig κ locus sensu stricto. The sheep IGKC gene occurs on chromosome 3p22-p17 and the mapping of 30 other loci to this chromosome has established that most, if not all, of sheep chromosome 3p is syntenic to human chromosome 2p (26) , the site of the human Igκ locus (25) . Based on the divergence between the germline sequences of some human V κ gene pairs and the apparent lack of duplication in chimpanzee genomes, it has been proposed that this region of the human chromosome duplicated recently,~1 million years before present (MYBP) (25) . Primates and artiodactyles are estimated to have diverged~100 MYBP (27) , and the conserved synteny between human chromosome 2p and sheep chromosome 3p suggests that a more detailed examination of the sheep Ig κ locus could provide alternative evolutionary insights.
Ontogeny of the antibody repertoire in fetal lambs
In terms of the degree of redundant representation of genes among the cDNA clones examined, fetal lamb B cells 
Human (22) Identity levels Ͼ70% are given in bold to indicate the more closely related genes.
expressed significantly more individual V λ genes than V κ genes. In an environment where there is no obvious pressure to select particular receptors, this probably reflects the relative sizes of the respective gene pools, since the 60-90 germline V λ genes of sheep (20) greatly outnumber the estimated 10 V κ genes. However, in terms of sequence differences between individual gene segments and between V gene families, the V κ chains arguably contributed as much, or even more, towards generating a diverse repertoire than the V λ chains, especially if the structure of CDR3 is taken into account (see below).
Relatively few individuals were sampled in this study and the results therefore need to be interpreted with due caution. However, the pattern of V κ -J κ expression suggested that a larger proportion of this locus was being utilized in younger fetal lambs than at later stages in development. In the 61-and 90-day-old fetuses, all V κ families were used at broadly similar levels and there was a close to equal usage of the J κ genes, while at later stages the repertoire was formed nearly exclusively by V κ 3, V κ 4 and J κ 2, and there was a highly redundant isolation of these genes. Comparable gradients of repertoire narrowing have not been found in other species, although the usage of light chain variable region genes during fetal life has not been studied extensively in either humans or rodents. The gradient of fetal V H gene usage matures in the opposite fashion, from a restricted to a more diverse repertoire (2, 5, 28) .
Structure of CDR
The majority of Ig light chain transcripts expressed by peripheral B cells throughout fetal ontogeny contained CDR1 and CDR2 in germline configuration. This was established directly for two V λ genes by matching cDNAs with a germline gene segment and can be inferred for other V λ and V κ genes because multiple independent cDNA clones containing them had identical CDR1 and CDR2 sequences. No pattern of nucleotide change emerged from the few clones that had mismatches in CDR1 or CDR2-these may represent allelic differences or result from either nucleotide misincorporation during PCR cloning or somatic changes to gene structure.
CDR3 emerged as the consistently most variable part of fetal Ig light chains, and there was a clear difference between the variability in λ and κ transcripts. This had two primary causes. There was a greater degree of recombinational diversity in κ chains due to the usage of two J κ genes, while only a single J λ gene was used. Secondly, the terminal nucleotides of V κ and J κ elements were heterogeneous, and two clones contained additional codons between the rearranged gene segments. Although nucleotides had occasionally been removed from V λ and J λ gene segments, overall these junctions were remarkably invariant with no clear evidence for either nucleotide additions or replacements, suggesting there might be mechanistic constraints to the diversification of the CDR3 regions in sheep λ chains at the time of gene recombination. It is worth emphasizing that the canonical V λ CDR3 sequence was found independently in all fetal samples, arguing against selective PCR amplification or other artifacts. Three λ cDNA clones isolated from two animals contained an identical and divergent J λ sequence but it seems unlikely that these arose from independent random modifications by chance and this sequence could therefore represent a J λ allele.
Because the full germline sequences of sheep V κ and J κ genes are not known, it is difficult to assess the molecular basis of CDR3 diversification during recombination. The sequences suggest that exonuclease and terminal deoxynucleotidyl transferase (TdT), or another similar enzyme, may have diversified V κ -J κ junctions by removing and adding nucleotides randomly at the ends of participating gene segments, but it is not known if TdT is expressed in fetal lambs at the gestational stages studied. Also, it cannot be excluded that allelic sequence variation contributed to the junctional diversity, since identical sequences sometimes occurred in independent clones. Depending on the germline sequences, it remains possible that mechanistic effects may also play a role. For instance, a CCT codon at the 5Ј end of J κ 2 would fit with the relatively frequent occurrence of this sequence in rearranged transcripts and raises the possibility that homology-based gene recombination might then explain the specific deletion of this codon in three cDNA clones using the V κ 3 or V κ 4 gene segment, both of which had a consensus CCT codon at their 3Ј terminus (see Fig. 3c ). Junctional diversity might also be produced by an exonucleolytic splice between V κ and J κ termini. Whatever mechanisms contribute to CDR3 diversification of sheep κ chains, the process is active throughout fetal development since clones derived from all stages contained diverse junctions.
Light chain CDR3 lengths were conserved in fetal lambs, as in human and mouse. The preferred CDR3 length for κ chains was 9 amino acids. Fetal λ chains contained 13 amino acids in CDR3, the structure being far more conserved than were corresponding regions expressed by B cells in the IPP (14) .
Comparative light chain diversity
Although the ontogeny of Ig heavy chain repertoires has been studied extensively in diverse species, less attention has been given to the development of light chain repertoires. In the amphibian Xenopus, all three Ig light chain isotypes (29) begin to be expressed from early stages in tadpole development, although the level of junctional sequence diversity in individual receptors has not been examined (L. Du Pasquier and R. Mussmann, pers. commun.). Six V κ cDNA clones screened from two human fetal liver libraries (130 days and 22 weeks of gestation) diverged slightly from the respective germline sequences and were rearranged to two of the five human J κ gene segments. Two of the cDNA clones contained an extra codon between the V κ and J κ gene segments (30) , and, similar to present results (see Figs 2 and  3) , these contained predominantly G or C residues. In fetal mice, restricted expression of V κ genes and preferential V κ -J κ recombinations have been detected in both omentum and liver (31) . Rather than being clustered in a J κ proximal location, the murine V κ genes that rearrange in early fetal life are distributed throughout the locus (3).
In combination with earlier analyses indicating that sheep DNA contains~10 V H genes (32) and 60-90 V λ genes (20) , the evidence reported here for at least 10 V κ genes completes an initial estimate of the relative sizes of sheep Ig germline gene pools. The comparative diversity of fetal light chain variable region transcripts and the pattern of their expression raises the possibility that V κ chains may contribute more towards creating a functional repertoire capable of recognizing diverse ligands than do the V λ chains, implying that Ig containing paired V H -V κ chains could play significant roles in recognizing antigens during the perinatal period of development.
However, the extended post-natal usage of light chain variable regions in sheep is skewed heavily towards V λ genes and CDR are diversified in the IPP by an intense program of antigen-independent somatic hypermutation (14, 15) . The developmental perspective revealed here raises a questionhow effectively would the Ig light chain repertoire in late-term fetal lambs prepare these animals for incipient exposure to diverse antigens? Inefficient primary diversification of CDR3 regions in λ chains, limited availability of germline V κ genes and a narrowing of the expressed V κ repertoire do not seem especially advantageous, especially when the expressed light chains are predestined to pair with V H chains encoded by another small family of highly homologous genes. This set of circumstances may have created an evolutionary pressure that then favored the specialized adaptation of somatic mechanisms to diversify Ig gene structure and introduced the need to have this system operating from a time shortly before birth.
